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The object of this investigation was to study the use 
of non-wettable porous membranes for simultaneous heat 
transfer and mass transfer of water from a hot salt solu-
tion stream to a cold distilled water stream, the streams 
being in countercurrent flow separated by the membrane. 
This type of mass transfer was achieved in the experiments, 
and mass and heat transfer coefficients were measured. 
The membranes studied in this work .were made of fiber-
glas treated with Teflon dispersion and aluminum $ulphate. 
The fiberglas membranes yielded desired results. Empirical 
correlations were proposed which predict values of heat and 
mass transfer coefficients close to the experimental values. 
In this study mass transfer rate per square foot 
ranged from 0.175 to 0.6?4 l.b/(hr ft2 ). The range of 
the heat transfer coefficient was from 1.45 to 11.5 
Btu/(hr ft2 °F) and that of the mass transfer coefficient 
was from 0.061 to 0.113 1b /(hr ft 2 inch of Hg). These 
results have demonstrated the possibility of producing 
pure water from a salt solution by evaporation through 
porous membranes with countercurrent flow. 
I II 
TABLE OF CONTENTS 
Page 
• • • • • • • I I ABSTRACT . • • . . . . . . . . . . 
LIST OF FIGURES • • • • • • • • • • . • • • • • • V 
LIST OF TABLES • • 
I ~ . INTRODUCTION •. 
. . . . . . . . . . 
. . . 
• VII 
1 
II. THEORETICAL ANALYSIS AND LITERATURE REVIEW . J 
A. Similar Membrane and Conventional 
Evaporation Processes for Mass Transfer • • • 
1. Reverse Osmosis • . . . . . . . . . . . . 




J. Thermo-Osmosis • • • • • • • • • • • • • 4 
4. Vapor Gap Reverse Osmosis • • • • • • • • 5 
Conventional Evaporation ••••• 5 
B. Mechanics Associated with Simultaneous Heat 
and Mass Transfer Through a Porous Membrane • 8 
c. Theory of Heat Transfer . . . . . . . . . 9 
D. Theory of Mass Transfer • • . . . . . . . • • 13 
1. Mass Transfer in Absence of non-
condensables • • . . . . 14 
2. Mass Transfer in Presence of non-
condensables • . . . . 
III; ._ EXPERIMENTAL • . • . 
A. Object of Investigation ••• 
B. Materials • • • . . . . . . 
c. Apparatus •••••••••• 
D. Procedure for Making Fiberglas-Teflon 
Membrane • • • • • • . . . . . . . . . 
15 
19 
. . • • 19 
. • 19 
• 19 








Experimental Procedure • 
Method of Calculations • 
. . . . 
. . . . . . . 





G. Results • • • • • • • • • • • • • • • • • . • 31 
DISCUSSION • • • • • . . . . . . . . . . . . . . 





B. Effect of (At)lm on U •••••.•••••• 
c. Effect of Flow Rate on U • . . . . . . . 
D. Effect of Flow Rate on hsf • . . • . . . -, ,9 
E. Effect of Flow Rate On Overall Mass 
Transfer Coefficient • • • • • • • • • • • • 4J 
F. Effect of 1/(pB)ave on Km ••••• ~ •••• 47 
G • . ;;: Reciprocal : ot : Km.v versus . .:l/W, • • • • • • • • 49 
H. •eat; : · Tra.ns~er Coefficient veraus.K11 ••••• 49 
I. Recommendations ••••• • • • • • • 
CONCLUSION • • . . • • . . . . 




Material • . . . . . . . . . . . . . . 
Data • . • . . 
1. 
2. 
Sample Computer Program 
Tabulated Results ••• 
3. Nomenclature • 
. . . . . 
BIBLIOGRAPHY • • • • • • • • • • • • • • 
ACKNOWLEDGEMENT • • • • • • • 
• • ·• • 52 
. • . 53 
. . . 54 
54 
56 
. • • • 68 
• • • 7 5 
77 
VITA • · · · • · • • · · · · · · · · · 
• • 79 
. 80 
v 
-~ QE FIGURES 
Figure 1. 
Page 
Schematic diagra.:n of ev·aporation through 
porous membrane •. . •. . . . . . . • • • • • \ 7 
Figure 2. Schematic drawing '·of ·ex.perimental apparatus . . :20 
Figure 2A. Schematic a:rr~ngement· of ·evaporator-
oondenser (expoded .view} - •. • -•. .• --~- •. , • • • 22 







difference on overall heat transfer 
coefficient • . . . . . . . . . . . . . . 
The effect of flow rate on O"rerall heat 
transfer coefficient • • • • . • • • • . 
Plot of 1/U against 1 1 on · 3 3 3 • • . 
Plot of 1/U aea.1nst 1/W • • • • • • • • 
The effect of flow rate on salt solution 
film heat transfer coefficient • • • • • 
The affect of flo"'r rate on salt solution 
fil~ heat transfer cdeff!cient •• . . . 
·The effect of flow rste on overall mass 
transfer coefficient • • • • • • • . . . 
Figure 10. Tr.e effect of flo~'l rate on overall mass 









. . 42 
• • 
• . 45 
Figure 11. The effect of flow rate on overall maBs 
• transfer coefficient, Km •••••••••• 46· 
Figure 12. PcJ~t1on ~e•~ryo~ 1 /(p 1 on~ OV~rell 
•• ..; ·-· ... u ... , '-'-·· • B'ave"" ~ 
mass trs.nsfer coefficient • Km ••••••• 48 
Figure 1). Relation between 1/Km and 1/W . . . . . 
Figure 14. Relation· between overall mass transfer 























LIST .Ql TABLES 
Page 
Data of membrane I-A (Basis weight equal 
to 9.76 gm/ft2 ). • • . . . . • • • • 56 
Data of membrane II-A (Basis weight equal 
2 to 12.48 gm/ft ). • • • • • • • • • • • • 57 
Data of membrane III-A (Basis weight 
2 equal to 20.80 gm/ft ) ••••••• . . . 
Data of membrane IV-A (Basis weight equal 
2 to )1.20 gm/ft ) ••• . . . • • • • • • • 
Data of membrane I-B (Basis weight equal 
to 9.76 gm/ft2 ). • • • . • • • • . • • . 
Data of membrane II-B (Basis weight 
equal to 12.48 gm/ft2 ). • • • • • . • • • 
Data of membrane III-B {Basis weight 
equal to 20.80 gm/ft2 ). • • • • • • • • • 
Data of membrane IV-B (Basis weight 
equal to )1.20 gm/ft2 ). • • • • • • . . • 
Results of membrane I-A • • . . . . • . . 
Results of membrane II-A • . . . . . . . 
Results of membrane III-A . . . • . • . . 
Results of membrane IV-A • . . . • • . . 
Results of membrane I-B • • • • • . . . . 
Results of membrane II-B . • • • • • . . 
Results of membrane III-B • • . • . . . . 


















Simultaneous heat and mass transfer through a non-
wettable porous membrane or medium accompanied by a change 
of phase is not only of theoretical interest but also of 
great practical importance for some technological processes. 
Desalination of sea water for drinking purpose has been a 
major concern on ocean-going vessels and also for places 
which do not have natural resources of sweet water but are 
situated near the sea or big lakes. It is only in the : last 
t 'wenty years that intense efforts and research have been 
directed toward producing drinking water from sea water 
all over the world. 
The oldest desalination method developed by man is 
patterned after the most important natural method: 
evaporation and condensation. Evaporation in various ways 
remains today the principal method for commercial production 
of fresh water from sea water. 
In evaporating solutions or mixtures, heat consumption 
is reduced by using an increased number of stages, each 
of which must normally be at a different pressure. However, 
if evaporation-condensation is reduced to the essentials 
only, such as in "flash" evaporation, the only requirement 
is solution, vapor, and condensate separated, and at suitable 
temperatures. These requirements can be met by a solution 
layer, vapors in a pore, and a condensate layer. Thus a 
2 
single pore with liquids excluded can act as a small single 
stage o~ evaporation. On this basis a porous membrane 
could act as an in~inite stage ~lash evaporation system. 
The purpose o~ this research was to investigate the 
per~ormance o~ suitable non-wettable porous membranes o~ 
several ~hicknesses for the type o~ evaporation described 
above. The resistance o~ the membranes to heat and mass 
trans~er, with a hot salt water ~eed ~lowing counter-
current to a cold distilled water stream, was determined 
in the ~orm o~ heat and mass trans~er coe~~icients. 
II. THEORETICAL ANALYSIS AND LITERATURE REVIEW 
In this section of the thesis literature is reviewed 
to point out similar membrane and conventional evaporation 
processes for mass transfer and to discuss mechanism and 
theory associated with the simultaneous heat and mass 
3 
transfer through a non-wettable porous medium or membrane, 
·with temperature produced driving force. in a countercurrent 
flow system. No previous work on this type of separation 
process to be described later in this thesis. was found 
in the literature. 
Similar Membrane ~ Conventional Evaporation 
Processes ~ Mass Transfer 
The process of mass transfer through a non-wettable 
porous medium or membrane differs from the other membrane 
processes, such as Reverse Osmosis and Electrodialysis. 
in the nature of driving force and mechanics of mass 
transfer. 
Reverse Osmosis. In reverse osmosis (17) the driving 
force for mass transfer is the chemical potential difference 
caused by externally applied pressure on the input side 
higher than the osmotic pressure, and mass is transfered by 
diffusion of the solvent (water in desalination) through 
a semipermeable membrane impermeable to the solute (salt). 
Elsotrod1a1Ys1s. Electrodialysis (12) 1s of primary 
importance in ionic systems where an electric potential 
difference provides the driving force for mass transfer. 
In this case the mechanism of mass transfer is termed 
"Forced Diffusion," because an external electrical force 
provides the driving force. 
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There is an abundance of information on the flow of 
gases through porous and plastic membranes but relatively 
little information concerned with the flow of vapors 
through porous membranes. The use of the term vapor is 
reserved to describe a gaseous substance which exists at 
or below the critical temperature. 
Thermo•osmosis. Thermo-osmosis is defined as the 
passage of a fluid through a membrane against the hydrostatic 
pressure, due to temperature gradient, and was first observed 
by Lippmann (11) in the passage of water through membranes 
of gelatine, etc. Since then, this phenomenon has been 
studied with various fluids by different investigators. 
Denbigh (J) studied this effect in the transfer of a gas 
through a non-porous membrane in which the gas was slightly 
soluble. Wirtz (22) and Alexander (1) also made a similar 
study with other fluids. The fact that temperature 
gradients are able to give rise to a flow of matter is 
shown also by such varied phenomena as the thermal effusion 
(4) of a gas through a porous diaphragm, and also (in multi-
component systems) by thermal diffusion and the Soret 
5 
effect (2). The above studies were primarily concerned 
with pressures developed at steady state with no flow '; -·and 
not with rates of transfer. 
Vapor Gap Reverse Osmosis. Recently another process 
known as vapor gap reverse osmosis (5) has been developed 
by Whittaker Corporation. This process utilises a micro-
porous hydrophobic membrane and is based on the fact that 
the fugacity of water in a saline solution can be increased 
by pressurizing the solution. In particular, the fugacity 
of water in a saline solution can be raised above that of 
fresh water at atmospheric pressure if sufficient pressure 
is applied. the pressure required being greater than the 
osmotic pressure. The difference in fugacities across the 
vapor gap or pore in the membrane supplies the driving 
force for mass transfer. 
The difference in fugacities or vapor pressures acting 
as the driving force for mass transfer across the vapor 
gap or pore in a non-wettable porous medium or membrane is 
also employed in the process under investigation, but in 
this case temperature difference across the vapor gap or 
pore produces this effect. 
Conventional Evaporation. Findley (6) in a paper on 
"Vaporization through Porous Membranes" has pointed out 
great similarity between conventional evaporation and 
6 
simultaneous heat and mass transfer through a non-wettable 
porous membrane, with temperature-produced driving force. 
The requirements for a single effect of evaporation are a 
liquor or mixture section, a vapor section, and if vapors 
are to be condensed, a section for condensing and collect-
ing condensate separated from liquor. Finally it is 
necessary to provide means of removing heat from the conden-
sate. It is possible to add heat to the liquor outside of 
the evaporator and to supply a coolant for condensation 
directly into the evaporator, but separated from the liquor. 
Thus a flash evaporator may contain only a liquor or mixture 
section, a vapor space, and a condensate section with the 
necessary inlets and outlets (16, 9). Similarly a single 
vapor-filled pore leading from a hot liquor or mixture 
surface to a cooler condensate surface may act as an evapor-
ation stage. As solution and coolant flow countercurrently 
across pore openings, the conditions of temperature and 
vapor pressure vary almost infinitesimally from pore to 
pore over an almost infinite number of pores. In this way 
a porous medium or membrane with certain flow patterns rn~y 
act as an infinite stage flash evaporation system, with 
each pore acting as one stage. 
Mechanics Associated with Simultaneous Heat~ Mass 
Transfer Through a Porous Membrane 
When a non-wettable porous medium or membrane has a 
hot solution or mixture, item J in Figure 1, in contact 
with one side and a sufficiently cooler liquid, item 4, 
1 
in contact with the other side, then a temperature gradient 
is imposed which develops a partial pressure gradient in 
the pores of the membrane due to the change in vapor 
pressure with temperature. Under the influence of partial 
pressure gradient, vapors, item M, diffuse or flow from 
the higher temperature region to the lower temperature 
region where they condense. The partial pressure gradient 
or the difference in vapor pressures is maintained by heat 
addition to the solution or mixture surface, item 5, and 
by heat removal at the condensate surface, item 6. The hot 
solution and the coolant liquid are held out of the pores 
at respective surfaces, items 5 and 6, by surface tension 
forces. 
Latent heat is transfered as in conventional 
evaporation. If non-condensable gases are present, the 
vapors diffuse through the pores of the membrane; but if 
non-condensable gases are eliminated, vapors flow through 
the pores of the membrane with the vapor pressures supply-
ing the pressure drop. Both liquids may be at any conven-
ient pressure higher than the vapor pressure so long as 
Figure 1. Schematic Diagram of Evaporation 
Through Porous Membrane 
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surface tension forces prevent their entry int6 the pore 
vapor spaces. 
Theory of Heat Transfer 
According to film theory (8) all the resistance to 
heat and mass transfer in a flowing fluid is concentrated 
in a relatively stagr..a:r:.t film next to the transferring 
surface. "According to Newton {15), the sensible 
heat-trancfer rate p~r .unit area, q, Btu/(hr rt2 ), from a 
fluid to a transferring surface of a solid is given by 
the equation: 
(1.) 
where his the heat transfer coefficient, Btu/(hr rt2 °F), 
from :fluid to the surface excluding eny radiation. T1 and 
Tm are ter.:1pe!.·atures of the fluid e.t the interface (see 
Flgure 1) and in the bulk, respec~iveJy. Equation (1) 




Rest transfer coefficiet1ts depend on the properties 
c;>f the fluid, the characteristic dimension of the system, · 
and on the velocity of the fluid past the surface (1J). 
9 
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In a porous medium or membrane with fluid on both 
sides heat is transferred from one fluid to another by a 
four-step steady-state process: (1) from the warmer fluid 
(solution or mixture) to the membrane surface, (2) through 
the solid membrane, (J) through the pores in the membrane, 
(4) and from the second surface to the cold fluid. 
The rate of heat transfer by steady unidirectional 
conduction is given by the Fourier (7) relation: 
dt qc = - k di (J) 
where qc is the rate of heat conduction per unit area along 
the x-axis normal to the heat transferring area, k is the 
thermal conductivity of the substance (including pores in 
this case), -dt/dx is the temperature gradient along the 
heat conduction path. 
The mechanism of heat transfer through the pores of 
the membrane is complicated because of phase changes taking 
place along the path of simultaneous heat and mass transfer. 
The water vapor diffusing towards the cold surface carries 
latent heat in addition to that normally transported across 
the boundary as a result of prevailing temperature differ-
ence. Furthermore, the conduction of heat in a gas or 
vapor with simultaneous mass transfer in the direction of 
heat flow is greater than if the gas were stagnant (19). 
This is known as "Dufour Effect• or "Diffusion-Thermo 
11 
Effect ... 
For sensible heat transfer from one fluid to the other 
it is customary to employ an over-all heat transfer cceffi-
clent, U, based on the over-all temperature difference 
between the two fluids • .6. t 0 : 
q = U 6t0 (4) 
In a countercurrent flo.,.r system in which the warme~r 
fluid is cooled by heating the colder fluid, it is 6lear 
that the over-all temperature -potential varles from point 
to point. For constant U,logarithmic-mean over-all 
temperature differe~ce, 6tlm• is used in equation (4). 
It is der1Yed to be (14): 
( 5) 
where 6t1 and L':.t2 are the tt<.?.mper·ature differences bet~\·een 
the two fluids a. t two ends of the exche.nger. 
Lewis s.nd \-ihi tu::an ( 10) suggested -=h~ t the res ista~cHs 
to heat trt.;.nsfe::-, a.s Ql.ea.stlred by the rec iprocs.l of the 
coefficients, are additive fer constant heat transfer 
surface.when the resistances to the heat flux are in series; 
1 '1 1 u=ns+~+EI (6) 
where hs and h1 are individual film coefficients for 
solution and coolant liquid, respectively. x and k are the 
12 
membrane thickness and . . the ·thermal .c.Ondtict1v1ty. 
Equati~n (6) for calculating U ls misleading for hes.t 
transfer through a porcus medium or membrane, because rate 
or heat transfer through films does not equal the heat 
conducted through the membra~e but includes latent heat 
associated with ~ass transfer. 
There are several correlations in the literature for 
calculating heat transfe!" coefficients. For 11qutds 1n 
tubes in streamline flow the data are correlated by the 
d.imens1oilless equation of Sieder and Te.te (18): 
h12- . rw cp)·33 (!:!:.)•14 
,. - 2.0 kL ~ I Ji 
\ ~ ~, 
(7) 
where h is heat transfer coefficient . at 6.t1m, D is d.la!!!et;.er, 
Cp is spec1f!.c heat of the liquid, L is length, f.1.. and j.J. 5 
are v1scos1ties · of the liquid in the bulk and at surface. 
"I is the mass flow rate ot' liquid.. If Cp, k, D, L, jJ., and 
IJ.s ramain constant with temperature, then 
h = b w·3J (8) 
b ~ t · - th 11 1d If in e~uation (o~) where s a cons an-r: ror .... e qu • '1 
two film coefficients are equal, then 
1 X u = k ;.. 
b 
2 (9) 
In equation (9). the first r1eht hsnd term. x/k, lS 
l J 
constant; hence, it is an equation of a straight line with 
1/w•JJ as independent variable and 1/U as dependent 
variable,. 2/b is the slope of the line, and x/k is the 
inter'cept oa ordinate. 
Theory 2f Mass Transfer 
The mechanism of mass transfer through a non-wettable 
porous medium or membrane with temperature produced driving 
force in a flow system is very much similar to that of heat 
transfer as discussed earlier in this section. Water from 
the bulk of the solution diffuses through the viscous film 
to membrane surface (item 5 in figure 1) in accordance with 
the following relation: 
( 10) 
where NA is the rate of mass transfer per square foot, 
lbs/(hr ft 2 ), Cm and C5 are the concentrations of water 
in the bulk stream and at surface 5, respectively, ks is 
the mass transfer coefficient on solution side. Equation 
(10) is analogous to Newton's law of cooling defined in 
equation (1). At surface 5 water is vaporized. Then it 
flows or diffuses to surface 6 which is at lower temper-
ature and is condensed. Whitman (23) suggested that the 
interfacial concentrations are equilibrium concentrationse 
That is, at surface 5 and 6 water vapors are in equilibrium 
with the two liquids, respectively. In terms of partial 
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pressure, the vapor phase concentration of water at surface 
5 (see figure 1) is assumed equal to the vapor pressure of 
the salt solution (activity of water in solution times the 
vapor pressure of pure water), while partial pressure is 
assumed equal to the vapor pressure of pure water at surface 
6. The activity of the salt solution (7% by weight salt) 
was estimated from data in Chemical Engineering Handbook, 
4th ed., p. 11-JO, at several temperatures as follows: 
where (aw) T+6T = activity of water in solution at a 
temperature of T+6T 
(fw) = fugacity of water in salt solution 
(fo) = fugacity of pure water, assumed equal 
to vapor pressure 
T = temperature, OF 
6 T = boiling point elevation 
This activity of water remains approximately constant 
in the range investigated at 0. 96 .• 
Mass Transfer in Absence of Non-condensables 
For the case when water vapors flow through the pores 
in the membrane and non-condensable gases are not present, 
the d1ffere~ce in two vapor pressures, produced by the 
temperature difference between the two surfaces, provides 
the driving force for mass transfer. 
In a countercurrent flow system the over-all mass 
transfer coefficient, Km. could be approximated by the 
following relations similar to the use of (6t)lm in heat 





APA2 andAPAl are the differences in water vapor pressures 
produced by the temperature difference of the two liquids 
at the two ends of the evaporator-condenser. and Km is the 
reciprocal of over-all resistance defined in the form of 
an over-all mass transfer coefficient based on partial 
pressure differences. NA is the average mass transfer rate 
per square foot. 
Mass Transfer in the Presence of Non-condensables 
When non-condensable gases are present and water vapor 
is diffusing, the driving forces ~re concentrations (usually 
in partial pressures for gaseous phase) and the relation 
16 
applicable is as follows (20): 
(13) 
where P Dv/RTx is a constant for a layer of stagnant gas. 
This constant corrected for available diffusion area and 
path in the pores of a membrane is designated as K~. 
PA5 and pA6 are partial pressures of water vapors at 
surfaces 5 and ·6 (see figure 1), respectively; and pBM 
is the logarithmic mean of partial pressures of air at 
surfaces 5 and 6, which is defined as: 
= PB6 - PB5 
ln PB6 
PB5 




For a countercurrent flow system, (pA5 - pA6) is 
assumed to be the logarithmic mean of partial pressures 
difference at the two ends of the evaporator-condenser as 
defined by equation (12), and pBM could be approximated by 
taking the average of partial pressures of air at the four 
points of inlet and outlet of salt solution and the water 
streams. ' . It is also assumed that Km is constant. With 
these assumptions for a countercurrent flow system 
equation (15) can be written as: 
17 
' Km ( 16) 
But from equation (11), 
Km (17) 
With this substitution equation (16) reduces to the 
form: 
(18) 
In this study non-condensable gases were expected 
' to be present, and thus Km was expected to be more reliable 
than Km· 
Whitman (2)) suggested that resistances to mass 
transfer in a two phase system as measured by the reciprocal 
of mass transfer coefficients are additive. Therefore 
the over-all resistance. 1/Km • to mass transfer in a porous 
membrane can be calculated by the following r elat i on : 
1 
Km 
1 + 1 + 1 
= kFl km kF2 ( 19) 
where 1/kF1 and 1/kF2 are the resistances offered to mass 
transfer by the two films one on either side of the 
membrane, and 1/km is the resistance offered in vapor gap 
or pore in the membrane. In such a set up for water vapor 
18 
transfer from a hot solution to cooler distilled water 
there is only one film resistance to mass transfer, and 
that is in the solution layer. Thus equation (19) reduces 
to the following form: 
1 
Km= (20) 
where kSF is mass transfer film coefficient on the solution 
side. 
If in a system kSF is known or reduced to a negligibly 




ObJect of Investigation 
The object of this investigation is to obtain data on 
mass and heat transfer through a porous membrane in a 
countercurrent flow system. The experimental plan consisted 
of the following major phases: (1) the effect of flow rate, 
and (2) the effect of membrane thickness on the resistances 
to mass and heat transfer. 
Materials 
All the materials used in this experimental work are 
listed and described in Appendix A, page 54. 
Apparatus 
The major equipment used in this investigation is 
illustrated in Figure 2 and is described below: 
Membrane Evaporator-Condenser: This consisted of two 
Rohm and Haas Plexiglas sheets each half inch thick, seven 
inches wide, and twelve inches long. A pair of rubber 
gaskets and a membrane were placed between the Plexiglas 
sheets. Holes,S/32 in. , were drilled in Plexiglas sheets 
and rubber gaskets to allow 1/8 inch bolts through them 
for tightening up. The porous non-wettable membrane was 
placed between the rubber gaskets. 






















(see Fig. 2A) 
Figure 2~~ - Schematic Drawing of the Experimental 
Apparatus 
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openings for allowing a liquid to enter and leave from the 
same side as shown in Figure 2A. The flow of liquids was 
between Plexiglas and membrane in the channel provided by 
the gasket, approximately 7/32 inch high by 2 and J/16 
inches wide. 
Burets: Two burets of 250 milliliters each were used 
to provide constant flow of liquids and were arranged on 
stands above the plastic funnels attached to copper coils 
as shown in Figure 2 • 
Copper Coils: Two copper coils with plastic funnels 
attached to the top end for receiving the liquids were used 
as heat exchangers. The coil for 7% salt solution was 
placed in an electrically heated pot filled with water. 
The other coil, used for cooling distilled water before 
it entered the membrane evaporator-condenser, was cooled 
by convective air currents. 
Cylinders: Two graduated cylinders of 50 milliliters 
each were used for collecting liquids leaving the membrane 
evaporator-condenser at the end of each run for noting 
readings. 
Thermometers: Four thermometers ranging from zero 
degrees to hundred degrees centigrade were used for measur-
ing temperatures of liquids just entering and leaving the 
membrane evaporator-condenser. Thermometers were read to 
the nearest o.5 degree centigrade from one degree divisions. 
Beakers: Two beakers of 500 milliliters each were 
Salt 
Water 
A B . c B 
A - 1/2 Inch Plexiglas Plate 
B - Rubber Gaskets 




Figure 2A. Schematic Arrangement of the Evaporator-Condenser (Exploded View) 1\) 
1\) 
used for collecting liquids leaving the evaporator-
condenser during each run. One 2-liter beaker was used 
for preparing fiberglas sluries. 
Plastic Trough: A plastic trough of 14H by 9" with 
an outlet at the bottom was used for making the membrane. 
This trough was provided with a flat perforated foam 
plastic sheet one inch thick and covered with a fine 
aluminum wire screen. On top of this was placed another 
wire screen which could be removed separately. On top 
of this wire screen were placed foam strips on all four 
sides in the trough. This provided space in the centre 
" 6" of dimension 12 by , the size of membrane. 
2J 
Miscellaneous: Rubber stoppers, glass tubing, rubber 
tubing, and copper tees were used for connecting c-opper 
coils with the membrane evaporator-condenser and for 
leading the liquids out of it. An electric stirrer and 
an electric heater were used for making the membrane. 
An electric oven was also used for heating the membrane 
to 550 degrees Fahrenheit. Reynolds aluminum foil was 
frequently used to cover the membrane while pressing and 
heating. 
Procedure f2L Making Fiberglas-Teflon Membrane 
The required amount of Owens-Corning fiberglas type 
AA was weighed out. The fiberglas then was reduced to 
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small pieces by hand and put in the two-liter beaker. 
To this was added distilled water from a spigot and three 
to four drops of acetic acid. The slurry was then mixed 
with an electric stirrer until reasonably dispersed. After 
mixing, one milliliter of Teflon JOB dispersion per gram 
of fiberglas was added and the slurry mixed again with an 
electric stirrer for several minutes. Approximately 0.1 
gram of aluminum sulphate was then added per gram of 
fiberglas and mixed with an electric stirrer until dispersed 
sufficiently so that clumps did not collect on the stirrer. 
The slurry was allowed to stand for an hour or so to allow 
for precipitation of teflon on the fibers. Water was then 
poured in the plastic trough with perforated plastic foam 
sheet covered with fine wire screen and plastic foam 
strips kept in proper place until water level was just 
above the screen. The drain hose from the bottom of the 
trough was clamped to prevent draining of water. The 
slurry was then poured evenly over the visible surface of 
the screen. The hose was then unclamped and water was 
allowed to drain completely. The upper screen with the 
wet sheet on top of it was then removed from the trough. 
Most of the moisture was pressed out of the wet sheet 
between several layers of paper towels by hand, lightly 
at first and finally fairly heavily. The partially 
dried membrane was then heated between aluminum foil on 
a hot plate and dried thoroughly. The dried membrane was 
then kept in an oven and heated at 550 degrees Fahrenheit 
for twenty minutes. In general the membranes were heated 
till they turned slightly brown. 
The membranes prepared were found to have a density 
of 0.1) grams per cubic centimeter with a void fraction 
of approximately 0.94. 
Experimental Procedure 
The procedure followed during a run is described 
below. 
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The apparatus was fitted as shown in Figure 2 ~, . page 20. 
One of the two burets was filled with seven per cent salt 
solution and the other with distilled water. First of all 
air was driven out of the system by allowing high flow 
rates of the two liquids in the system. T~e salt solution 
was passed through the membrane evaporator-condenser on 
the bottom side and cool distilled water on the top side. 
Once the air was removed from the salt water side its 
outlet was clamped. Afterwards air was removed from the 
cool distilled water side and its outlet was also clamped. 
The two burets were then filled with the respective liquids 
and constant flow of each was started. The outlets from 
the membrane evaporator-condenser for both the liquids 
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were then unclamped. The electrically heated container 
filled with water and with a copper coil passing through 
it was switched on for heating salt solution before it 
entered the membrane evaporator-condenser • The two flow 
rates were then adjusted such that they were approximately 
equal . and measured in terms of milliliters per minute. 
Sufficient time was allowed for establishing equilibrium 
conditions so that all the four temperatures remained 
constant. The liquid levels in the burets were never 
allowed to fall below the 50 milliliter mark because. with 
the change in static liquid head in the buret flow rate 
would have changed. 
When at a particular instant the cool distilled water 
level read zero milliliters in the buret, immediately the 
distilled water out flow from the membrane evaporator-
condenser was collected in a 50 milliliter graduated 
cylinder. At nearly the same time all four temperatures 
and the two flow rates were noted. For maintaining 
constant flow rates, from time to time liquids collected 
in the graduated cylinders were transfered back to the 
respective burete After fifteen minutes levels of distilled 
water in the buret and in the graduated cylinder were noted 
simultaneously. Shortly before or after taking the above 
readings, the four temperatures and the two flow rates 
were also noted. The total amount of distilled water in 
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the buret and the cylinder minus 250 milliliters gave the 
amount o~ water trans~ered ~rom the salt water side, 
through the non-wettable porous membrane, to the distilled 
water side. In a similar manner readings were taken at 
15 minutes interval till two consecative readings were 
almost the same. Then the two ~low rates were changed 
and su~~icient time was allowed to attain equilibrium condi-
tions. The next set o~ readings was taken in the manner 
just described. During a particular run the two ~low rates 
were checked three to ~our times. 
The above procedure was ~ollowed ~or all membranes. 
At least ~our sets o~ readings were taken in the case o~ 
each membrane. 
Data 
Distilled water ~low rates were approximately equal 
to salt solution ~low rates, but distilled water flm'f rates 
were not used in the calculations and are not report ed. 
All the data recorded in the experimental wor k a re 
tabulated in Appendix B, pages 56 to 6J. 
Method 2f Calculations 









the absence of 
transfer coefficient. u. 
transfer coefficient. Km• 
non-condensables. 
(J) The over-all mass transfer coefficient. • Km • 
in the presence of non-condensables. 
Over-all Heat Transfer Coefficient. Total heat 
* transfer rate, qT. from salt solution is: 
(W- M)(60)(Tis- Tos) Cp 
(21) 
(454) A 
= (W - M) (Tis - T08 ) • . 41J2 
* Rate of heat transfer as latent heat with vapors is: 
M (60) (Hvs - Hls) 
qM = (22) (454) A 
M(Hvs - Hl s ) .41)2 Btu = 
ft2 hr 
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where Hvs is enthalpy of water vapor at average temperatur e 
of salt solution, that is, at (Tis - Tos)/2 , and H1s is 
the enthalpy of water ·at temperature Tis • 
* For derivation see Appendix C, page 74a 





where 49.88 Btu/(hr ft2 ) is the heat loss to atmosphere 
measured experimentally under average conditions with the 
cold ~ide empty and insulated. 
Logarithmic mean temperature difference, 
(Tis 
(~t) lm = (Tis - Tow) 
ln ~------:-(Tos - Tiw) 
The over-all heat transfer coefficient, U, is 





Over-all Mass Transfer Coeffici.ent: Vapor pressures 
of salt solution at inlet and outlet temperatures are, 
Pos = .96 (pw)T OS 
(Pts - Pow> - (Pos - Piw) 
(Pis - Pow> 1 n _..;;..;;;;...__.....;;...-._ 
<Pos - Piw) 
( 26) 
The over-all mass transfer coefficient in a bsence of 
non-condensable gases is, 
M(60) lb (27) 
hr ft2 inch Hg 
There were no experiments where air was eliminated, 
but equation (27) was used for convenience. 
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The over-all mass transfer coefficient in presence of 
non-condensable gases is, 
where 
• Km = Km (pB)ave lb r. 
hr ft 2 {mole ratio) 
PBis + PBos + PBiw + PBow 
4 
PB was taken as atmospheric pressure minus the 
vapor pressure at that point. 
(28) 
Method of Calculating hs.£. Following are the equations 
used for approximating solution film coefficient, hsf• 
(29) 
where qT is the rate of total heat transfered per square 
foot from the hot solution, including heat of vaporization. 
Tm and T1 are the temperatures of the solution in the bulk 
and at the solution-membrane interface (see Figure 1). 
qT is also calculated using the following equation: 
(30) 
where hwf is the film transfer coefficient on the water 
side, Tc and T2 are the temperatures of the coolant, 
distilled water .• in the bulk and at water-membrane 
interface. 
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Sensible heat conduction through the membrane can be 
calculated by the following equation: 
(31) 
where qc is the rate of sensible heat transfer by conduc-
tion per square foot of membrane surface area in contact 
with salt solution and distilled water, and he is the 
coefficient of heat conduction of the membrane. It is 
known that, 
where qM is the rate of latent heat transfered along with 
the water vapors. Knowing qM and qT, it is possible to 
determine qc• From equation (31), 
qc 
(Tl - T2) = h 
c 
()2} 
If it is assumed that for the same flow rate of salt 
solution and distilled water hsf is equal to hwf• then 
from equations (29) and (30) it is evident that, 
(33a) 
or (33b) 




In a system with a hot salt water feed countercurrent 
to a cold distilled water stream,(Tm- Tc) is equal to 
(At) 1m defined by equation (5) in chapter II. Once the 
quantity (Tm - T1) or (T2 - Tc) is known hsf or hwf can 
be calculated using equations (29) or (30), respectively. 
Results 
The calculations were programmed in the Fortran II 
computer language and performed by an IBM 1620 digital 
computer. A sample computer program is given in 
Appendix C, page 65. 
The calculated results are given in tables IX through 





As is indicated in the literature review, no previous 
work on simultaneous heat and mass transfer through a non-
wettable porous medium or membrane, with temperature 
produced driving force, in a counter-current flow system 
has been done by any of the investigators. In this study, 
it has been the object to investigate a suitable non-
wettable porous membrane and to study effects of flow rate 
and membrane thickness on the over-all heat and mass transfer 
coeffic'ients. This work includes study on four fiberglas 
membranes weighing 4.7. 6, 10, and 15 grams and having 
dimensions of 12 inches by 6 inches. 
An attempt was also made to study ordinary blotting 
paper membranes treated with various water repellents. 
Unfortunately these membranes failed to give desired 
results, because these membranes could only be treated 
with water repellents at the two surfaces and the inner 
fibers were not. As a result fibers of paper in between 
the two surfaces soaked in water that ultimately destroyed 
the membrane.or simple filtration took place. 
For each membrane of fiberglas four runs with different 
flow rates were studied under steady-state conditions. In 
one run three to four readings were taken with an interval 
JJ. 
or fifteen minutes. 
The results of the t1~st set or t:_uns,no.- ·1 through 12, 
were not used in the analysis of the data since experimental 
techniques· ~1ere n·ot completely developed,and the results 
were not as consistent as lat_er rt1-ns. These results are 
plotte·i in Figures 4 and. 9, · pages 36 and 43, for comparison 
purposes.but are ·notshown . in other figures. 
The experimental data were first examined by plotting 
the o~rer-all heat transfer coefficient, U. versus the 
logarithm!~ m~an temperature difference for all four 
membranes. .,ee Figure J. It is observe,d that the membrane 
thickness does not appear to have significant efrect on the 
over-all heat transfer coefficient. The data points for 
all the fot.tr merr.'::>ranes show that U increases linea!"lJ' with 
the lo~arl thrn!.c mean temperature difference. (~t..} l!:l • 
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Effect of Flow Rate ~ the Over-all ~ 
Transfer Coefficient 
The object of this investigation was to study the 
effect of flow rate, W, on the over-all heat transfer 
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coefficient, U. Since the flow rates of both the salt 
solution and the distilled water were kept approximately 
the same during the experiments, W represents the flow rate 
of either of the two streams. In this process of simul-
taneous heat and mass transfer with temperature-produced 
driving forces, the main purpose was to get high mass 
transfer rates and to reduce the rate of heat transfer by 
conduction to a minimum possible level. Since the flow 
rate of a fluid in a flow system has great effect on film 
heat transfer coefficient and consequently on the over-all 
heat transfer coefficient, ·an attempt was made to correlate 
U as a fuction of flow rate. Since the maximum Reynold's 
Number in these experiments was 118. the flow was lamina r. 
The experimental data were examined by plotting U 
versus W, 1/U versus 1/w·333, a nd 1/U versus 1/W. See 
Figures 4, 5. and 6. The points in Figure L~ show a rapid 
increase in U for low flow rates (below 30 milliliters per 
minute), but as the flow rate increases U tends to level 
off. In Figure 5 it was attempted to find if the experi-
mental data fitted equation (9) given in Chapter II. 
Acco~ding to equation (9) data points for each membrane 
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should give a linear relation. For low flow rates data 
points in Figure 5 show a rapid decrease in the value of 
1/U, but for high flow rates this value becomes almost 
constant. A similar effect is observed in Figure 6 which 
shows data points 1/U versus 1/W. In Figures 5 and 6 it 
is observed that for flow rates above JO milliliters ~er 
minute the data points tend to level out. This means that 
if data are extrapolated to 1/W equal to zero, then 1/U 
should give the resistance offered mainly by the membrane. 
Further, for all four membranes the data points are close 
to each other for a particular flow rate, which shows that 
membrane thickness has nearly no effect on the membrane 
resistance to heat transfer. From Figure 6 the extrapolated 
value of 1/U for 1/W equal to zero is found to be 0.075, 
which gives the value of U equal to 1J.J. Therefore, 1J.J 
Btu/(hr rt2 °F) is the apparent heat transfer coefficient 
of the membranes. 
Effect of Flow Rate on the Film Heat ~~~- -- ---- ---- -- --- ----
Transfer Coefficient 
Since the resistance to heat transfer offered by the 
membranes, irrespective of their thickness, was found to 
be a constant quantity, an attempt was made to study the 
effect of salt solution flow rate on the salt solution film 
heat transfer coefficient, hsf• The basic equations used 
for caloulating ,~alt solution film heat transfer coefficient 
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are discussed in Chapter III, page 29. In Figures 7 and 8 
the experimental data were studied by plotting the solution 
film coefficient, hsf• versus the salt solution flow rate, 
w. In both bf these figures it is observed that hsf 
increases with w. Figure 8 in particular indicates that 
there exists a linear relation between hsf and W of the 
following form: 
~ , . 
. Log hsf = A + B Log W (a) 
where A and B are the constants. These constants were 
determined by the numerical analysis technique of least 
squares curve fitting of the experimental data and found 
to be, 0.0598 and 1.42, respectively. 
or 
If Log a = A, then a = 1o· 0598 or 1.148 
Therefore, equation (a) is written as: 
Log hsf = Log a + B Log W 
= 1.148 w1 · 42 
This equation is expressed in general form by 
replacing W in ml/rnin. by mass flow rate, GL in lbs/hr ft2 
as follows: 
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Effect of Flow Rate on the Overall Mass 
- - - - ..;;...;;..;:;.:::..== == 
Transfer Coefficient 
For any mass transfer process · it is ,necessary ·to ' study 
the effect of different variables on the mass transfer 
coefficient. An attempt was made to correlate overall mass 
• transfer coefficients, Km and Km as calculated according 
to equations (27) and (29) respectively, as functions of 
flow rate, w. The experimental data were examined by 
• plotting Km versus W and K m versus W • See · Figures 9, 
10, and 11. In Figure 9 it is observed that the overall 
mass transfer coefficient in absence of non-condensable 
gases, Km. increases rapidly with flow rate, W, but tends 
to diminish for flow rates in between 20 to 30 mililiters 
per minute and then again increases rapidly with w. A 
similar trend is observed in Figure 11 in which the overall 
mass transfer coefficient inpresenoe of non-condensable 
• gases, K m, is plotted against flow rate, W. 
From Figure 10 it is evident that both Km and K~ are 
logarithmic functions of w. Following is the form of the 
equation, 
Log Km =- A + B Log W (b) 
where A and Bare two constants. Since it is easier to 
work with Km than with K'm , the above equation was deve-
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numerical analysis technique for least square curve fitting 
of the experimental data. Following is the correlation 
suggested: 
2 
where Km has the units of lb:/hr ft (inch of Hg) and GL is 
in lbs/(hr rt2 ). 
Membrane thickness has little effect on mass transfer 
coefficient probably due to non-uniformity of thickness. 
Effect of 1/{P~ave on Km 
- --
In Figure 12 the experimental data were examined by 
plotting 1/(pB)ave versus Overall mass transfer coefficient, 
Km• It is observed that Km increases linearly w:ith t~(pBJave~ . 
If in the vapor gap or pores in the membrane non-condensable 
gases were . present, then Km as calculated by equation (27) 
is not the true coefficient. In presence of non-condensable' 
gases water vapors must diffuse through a stagnant layer of 
air or other gases and the true mass transfer coefficient, 
• • Km, is given by equation (16). Relation between K m and Km 
is given by equation (18). Though K~ should be more reliable 
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1/Km ~ ~ ruction of 1/W 
The experimental data were examined by plotting 1/Km 
versus 1/W. See Figure 13. The main purpose of this plot 
was to see if the apparant mass transfer coefficient for 
the membrane alone, km• could be determined similarly to the 
method for heat transfer coefficient of the membrane in 
Figure 6. It is observed that the results are inccbnclusive. 
More data would be necessary to establish km for the 
membrane alone. 
U Versus ~ 
An attempt was made to correlate overall heat transfer 
coefficient, U with overall mass transfer coefficient, Km• 
In Figure 14 experimental data were studied by plotting U 
against Km• From the plot it is observed that the overall 
heat transfer coefficient tends to increase linearly with 
the overall mass transfer coefficient. but the line does 
not go through the origin. To obtain higher ratios of Km 
to U, as are desired, low values of both coefficients 
would appear to be preferable. However, in a separation 
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Recommendations 
The following recommendations are suggested for 
future investigation in this field: 
(1) To verify the empirical equations suggested by 
the author more work should be done in this field using 
different concentrations and solutions. 
(2) Different apparatus dimensions should be used 
to correlate transfer coefficients with Reynolds number 
and similar parameters. 
(3) Larger variations in flow rates should be used 
in the study. 
(4) Further study of effects of membrane thickness 
52 
on transfer coefficients should be done with better membrane 
preparation techniques. 
V. CONCLUSIONS 
The study of simultaneous heat and mass transfer 
through a non-wettable porQus membrane, with temperature 
produced driving force, in a system with a hot salt water 
feed countercurrent to a cold distilled water stream has 
led to the following conclusions: 
(1) The over-all heat transfer coefficient is a 
function of liquid flow rates. 
(2) The empirical correlation for calculating 
individual heat transfer coefficient presented in this 
53 
work gives reasonably accurate results. It gave an average 
deviation of 29.4% from the experimentally determined values. 
()) The over-all mass transfer coefficient is also a 
function of liquid flow rates. 
(4) The empirical correlation presented for predic-
ting over-all mass transfer coefficient gives results close 
to the experimentally determined values. It gave an average 
deviation of 5-9% from the experimentally determined values. 
(5) Membrane thickness appears to have no effect on 
over-all heat and mass transfer coefficients. Reasons for 
this behaviour may be attributed to the non-uniform 




Fiberglas: Owens-Corning fiberglas type AA, 1 micron 
diameter was used for making the membrane. 
Acetic Acid: Glacial acetic acid of reagent grade 
was used. 
Sodium Chloride: Ordinary iodized common salt was 
used for preparing 7% salt solution. 
Distilled Water: Steam condensate from the power 
plant was used as distilled water. 
Teflon Dispersion: Dupont's 60% Teflon aqueous 
dispersion, No. JO B, was used for making the fiberglas 
non-wettable. 
Aluminum Sulphate: Reagent grade aluminum sulphate 




Membrane I-A (Basis Wt.~9.76 gm/ft2) 
Temperature 
Salt Solution Water Volume 
Run Time Inlet Outlet Inlet Outlet Flow Rate Transferred 
No. Min. OF OF OF OF CC/Min ml 
1 0 183.2 135.5 99.5 156.2 42.0 o.o 
10 18 3. 2 137.3 104.0 156.2 42.0 10.0 
30 
___ _!_~1 -~-~--l}_l_!_L_.!_()_~. o 156.2 42.0 34.0 
45 18 3.2 137.3 104.0 156.2 42.0 48.0 
60 183.2 137.3 104.0 156.2 42.0 63.0 
2 0 176.0 141.8 94.1 151.7 45.0 o.o 
10 176.0 140.9 q5.9 150.8 45.0 8.0 
TABLE II 
. Membrane II-A (Basis Wt.=12.48 gm/rt2) 
Temperature 
Salt Solution Water Volume 
Bun Time Inlet Outlet Inlet Outlet Flow Rate Transferred 
No. M1 n. °F °F °F °F CC/Min ml 
3 0 187.7 106.7 95.0 134.6 18.0 o.o 
15 186.8 109.4 95.0 134.6 18.0 10.0 
30 186.8 109.4 95.0 134.6 18.0 20.0 
---- 45 _____ l86·~-8--l09 .4 95.0 134.6 18 .o 29.5 
60 186.8 109.4 95.0 134.6 18.0 42.0 
4 o 1a 6 • o 12 2 • o 1 o 1 ··-=6-__..;-15=-6.,...;•;....;2:-----:-3 -=-5 ..:..,• o,.____ o • o 
f5 nnr:6 ·ti6.5 1o1:o 156.2 35.o r=8.;_.o:--,--
30 188.6 128.3 107.6 156.2 35.0 35.0 
45 185.0 128.3 107.6 156.2 35.0 51.0 ----------- ·6o---re-a-.6-fi8.T--io7~o--f56~-=2'-----:35.o~-----;;;;-:73.o ___ _ 
5 0 188.6 147.2 109.4 166.1 67.0 o.o 
15 108.6 147.2 11D.3 167.9 67.0 24.0 
25 188.6 147.2 110.3 167.9 67.0 41.0 
40 188.6 147.2 110.3 167.9 67.0 65.0 
TABLE III 
Membrane III-A (Basis Wt.=20.80 gm/rt2) 
Temperature 
Salt Solution Water 
Run Time Inlet Outlet Inlet Outlet 
Volume 
Flol'l Rate Transferred 
No. 
6 
Min. °F °F °F °F CC/Min ml 
o 188.6 -~1~176-.~6-- ~9~5~.~o--~1~5o~.8~--~~3~2~.o~~------~o~.-o·-----
15 187.7 126.5 95.9 158.0 32.0 17.0 
30 189.5 131.0 96.8 165.2 ----~32~·~0 ______ ~35.0 ____ ~ 
------=4 s---18 8 .·_::.6 _ __,1 34~-6 9 6. 8 f6-7:-o 3-2 • o 54. o 
60 188.6 135.5 97.7 167.0 32.0 73.0 
7 0 194.9 138.2 114.8 156.2 36.0 o.o 
15 194.0 138.2 114.8 155.3 36.0 17.0 
30 194.0 138.2 114.8 155.3 36.0 33.0 
---~------ o 190.4 13_9.1 115.1 156.2 48.~o ____ o~.o:L._ _ 
15 190.4 137.3 115.7 155.3 48.0 18.0 
30 189.5 138.2 114.8 154.4 48.0 35.0 
45 190.4 136.4 114.8 153.5 48.0 52.0 
TABLE IV 
Membrane IV-A (.Basis . . I 2) Wt.:J1.20 gm ft 
·Temperature 
Salt Solution Water Volume 
Run Time Inlet Outlet Inlet Outlet Flow Rate Transferred 
No. Mln. OF OF OF 0'!':.\ r CC/Min ml 
9 0 181.4 101.3 83.3 148.1 12.0 o.o 
15 181.4 102.2 84.2 148. 1 12.0 8.0 
30 180.5 10 3. 1 84.2 149.9 12.0 15.0 
----·- - ----·-··· ·-- --10 0 184.1 111.2 93.2 144.5 19.0 o.o 
15 184.1 112. 1 93.2 144.5 19.0 12.0 
30 184.1 112.1 93.2 144.5 19.0 23.0 
11 0 189.5 124.7 104.0 . 154.4 23.0 o.o 
15 189.5 124.7 104.9 154.4 23.0 15.0 
30 189.5 124.7 104.9 154.4 23.0 29.0 
---f 2------ o----Tifs:-9--T3 5. 5 109.4 146.3 40.0 o.o 
15 185.0 135.5 109.4 146.3 40.0 18.0 
30 185.0 135.5 108.5 145.4 40.0 35.0 
TABLE V 
Membrane I-B (Basis Wt.=9.76 
Temperature 
Salt Solution Water 
Run Time Inlet Outlet Inlet Outlet 
No. Min. OF OF Op OF 
1:3 0 1 P, 1. It 1.06.7 97.7 13 1t. 6 
15 UH ;1t 106.7 97.7 13'-1. 6 
30 1R l.t.t )J)6. 7 98.6 13't. 6 
45 18.l.'t 106.7 98.6 13't. 6 
14 0 192.2 J, 20. 2 110.-3 llt6. 3 
15 192.2 1 ?.J. • 1 110.3 147.2 
30 192.2 121.1 110.3 14 7.2 
15 0 196.7 13::>.7 115.7 162.5 
15 196.7 13't. 6 115.7 162.5 
30 196.7 134.6 115.7 162.5 
16 0 1.{9. 6 135~5 99.5 ltl6.?. 
10 179.6 137.3 104.9 15B.O 
30 179.6 137.3 104.9 158.0 
Lt5 179.6 137.3 10'•· 9 158.0 








































Membrane II-B (Basis Wt.=12.48 gm/ft2) 
Temperature 
Salt Solution Water Volume 
Run Time Inlet Outlet Inlet OUtlet Plow Rate Transferred 
No. Min. OF oF oF OF CC/Min ml 
17 0 176.0 91.4 HS.1 121.1 9.0 o.o 
15 176.0 92.3 86.0 122.0 9.0 7.0 
18 0 1H7.7 106.7 95!0 131.0 20.0 Q..!_O 
p· 
.> 186.8 109.4 U1.3 131.0 zo.o l't. 0 
30 HP.1 .6 113.9 104.0 13L~.6 20.0 2 7 .o 
45 186.fl '113.0 l.J 2. 2 13L~. 6 20 .o . 39.0 
60 1B6.B 111.2 100.4 131.0 20.0 51.0 
19 0 186.8 122.0 101.3 141.8 37.0 o.o 
15 188.6 126.5 104.0 146.3 3 7 .o lH.O 
30 l8B.6 12H.3 1u4.o 146.3 3 7 .o 3!:>.0 
45 1S5 .0 128.3 103.1 146.3 3 7 .o 51.0 
60 188.6 128.3 1J4.0 146.3 3 7 .o 73.0 
20 0 lBU .6 148.1 109.4 16 7 .o 68.0 o.o 
15 186.8 149.9 111.2 166.1 68.0 25.0 
25 1{36.3 150.8 113.0 165.2 68.0 41.0 
40 186.8 149.0 111.2 164.3 68.0 63.5 
TABLE VII 
Membrane III-B (Basis Wt.s20.80 gm/rt2) 
Temperature 
Sa.lt Solution Water Volume 
Run Time Inlet Outlet Inlet Outlet Flow Rate Transferred 
No. M!_n. OH' 
- • · ~. - OF oF OF ml/M1n ml 
21 0 1 Tt .a 10-f.(J 98.6 143.6 9.0 o.o 
15 1 Tl .13 107.6 913.6 ll~3 . 6 9.0 6.5 
~g _____ l_I]_,_iL_lQ.L~6- w~· ~ 6 143-'-6 2....Q 1~-
22 () 191.3 llil .Lt 104.9 15;!.(1 20.0 o.o 
15 190.4 17.0.2 137.6 15:~. 5 20.0 ll~. 0 
;20 l9 Q.,!i.___:l.?. 2 • () 10116 . 15t:l.3 70.0 27. 0 
23 0 lR(/.5 131.9 110.3 156.2 32 .o o.o 
1 ~-
_ ::> 190.4 l31.9 110.3 15(Je2 32.0 17.0 
_ _3j) ____ l9 _ll_.~ llL9 llQ. 3 156--2 ?,z .a 32 ._u___ 
[ I ' t _) 19 0.4 131.9 110.3 156.2 32.0 4D.O 
24 0 IeU.6 141.8 111.2 163.'!· lt9. 0 o.o 
l:i l9 1.l.'t l42 .z lll. 2 l~!t.:2 lt9 I Q 2 1. Q 
30 lt:8.6 141.8 112.1 163.4 49.0 41.0 
TABLE VIII 
Membrane IV-B (Basis Wt.:Jl.20 gm/rt2) 
Temperature 
Salt Solution Water Volume 
Run Time Inlet Outlet Inlet Outlet Flow Rate Transferred 
No. Min._ OF OF OF oF ml/Mln . ml 
25 0 174.2 10 2. 2 95.0 125.6 10.0 o.o 
15 17'+· 2 102.2 95.0 126.5 10.0 7.0 
30 175.1 10 3. 1 95.0 127.4 10.0 1'1·.0 26. 0 16 1<. 1 111.2 93.2 14't. 5 19.0 o.o 
15 1 B'r. 1 112.1 93.2 1Lt4. 5 19.0 12.0 
30 18'~ .1 112.1 93.2 14't. 5 19.0 23.0 
2? 0 185.0 128.3 96.8 160 • . 7 29.0 o.o 
15 165.9 130.1 95.9 162.5 29.0 14.0 
30 1o5.o 131.-0 95.0 lf>3.4 2~.0 2 7 .o 
28 0 1B5 .9 135.5 109.4 146.3 40.0 o.o 
15 185.0 135.5 109.4 146.3 40.0 18.0 
30 1B5.0 135.5 108.5 145.4 40.0 35.0 
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APPENDIX C 
Sample Program PAGE 
-~--J:~:..'::}_~--?~_5-~I'J~D.3'± _ ROli.!XG.!JJJ~-- - ------- ----·--0 .. 9./.2!1/f,(:, ___ FD.RJ.RAN __ ? _______ _  Q.QO __ ? ___ Ql(:,_Q _ ____ ____________ __ _ 
D H~ t: N S I ON T ( 10 0 ) , T I S ( 10 0 ) , T 0 S ( 1 0 0 ) , T I W ( 1 0 0 ) , T 0 W f 1 00 ) , \·1 S ( 1 0 0 ) 
DIMENSIO~~ FM( lOOl,AM( 100) 
_____ _____ __ .. D H1EN S I ON PIS ( 100), POSJ 100), P_l W llOOJ, POH ( 100 l , HVS UOO), HLS ( 100 L _______ ___ _ ___ . ___ . _ __ __ 
DO 10 K= 1, 4 
READ 1,N 
____ R E.AO __ l1 0 ._.t I UJ __ ,_ILS.tLL,.J.U..<l_U.l.,. IHU.Jl., .. IU.W..t U .. ,..XLS.LU . .,.f..M.i.Ll.,_L:;: L,NL----·--- ·-------- -- ~--­
PRINT 120,(T(I ),TISlll,TOS(I),TlWCI),TOW(I),WS(I),FM(ll,I=1,N) 
PRINT 30 
_ ___ ____ R.E_AD _ _10_0 ,_tP.LS LL)_,_P._QSJLL,_P..11H l.l,P.O.W1JJ .. ,..HVS.tl.l,_HLSJ'IJ,~?l, N L -- --- -- - --------- ------ --.. ------- ..... _ _ _ 
. PRINT lOO,(PIS(I),POS(I),PIW(l),POW(I),HVSIII,HLS(I),I=1,NI . 
PRINT 30 
____ Q_o __ _ 3_ L=J_,_N__ 
IF (T(I)) 4,4,5 
4 AM(l)=O.O 
_________ GO TO 6 _ __ ______ - - -- - -- - ------- - ------- - -- - - -------.------- ---- ------------------------ ___ _ _ 
5 AM( I )=FM(I)/T(l) 
6 BM=AM(I)*,41322 
.9J::: ( \( S 1 IJ_-:_Ar1 LUJ.!Lli.S..UJ .. ::.I!J_S l I l l *, 41 . -~..3-.2 ......  --------
Qf-l =AM( I )::qHVS( I )-HLS( I) )*,41322 
QC =CH -Q~1-49. 8821 
____ __________ T A= (TIS ( I ItT 0.$ ( I J:t-.J LW tll+ TO_W.ll~ LL!t, __________ ______ _ ________________ _____ .. _____ __ ..______________ __ _ ------------
OTA=TISCII-TOW(I I 
DTA=TOS!Tl-TIW(I) 
.U.L= LDJ_A::O.IB )J.J.LLJ.GE.UllALill.B-~) ,J...l-
U ::(JC /IJT 
B=l./U 
--- ·----- --- -
______ _ __ ____ PINS=.96_:;cp_JS( I) .. __ -----------------------·-------------- ------------------- -- - - . -- ------- ------- ----- ----------·-·· ------- --- - ----·-------- --- ------- --
. POTS=.96 ::<POS( I) 
D P = ( ( P I N S- P 0 W ( I I ) - ( P 0 T S- P I W ( I ) ) ) I L 0 G F ( ( P I N S- POW ( I ) ) I ( P 0 T S-P Hn I ) ) ) 
------~K.t1::.AtU.J .. t.:! ~·--1.7_9_2_0_LP_2- - -- --- -----
P = 14 • 7 * ., 3 8 , 17 6 0 , 





AKN= AKr~:::p A 
WA=1./(WS(I )**.3333) 
____ rn: ~_=_q~tJ_1_._ .l ________ _____ ____________________ _ 
DTSF=(DT-DTM)/2. 
QTC =QT -49.8821 
_ __ _ ____ __ HSF_::qTC /DT_Sf_ ______________ ______________ __ _ ________ _____________ _______ _ _ 
PRINT 2,WS(J),OT,U,HSF,PB,AKN,AKM 
3 CONTINUE 
P. .~IN_L_ ~Q __ ____ ________ ------------------------
10 CON T I I\U E 
CALL EXIT 
1 FORfviAT (15) 
110 FORMAT (7F10.4) 
120 FORMAT (16,F9.1,FB.1,F7.1,FB.l,FlO.l,Fl2.1) 
_· _ l_Q_O_fO_RMAL_L6 f_l2_.4_l ___________________ ___________ c ___ ____ __ --'---- "7"'"---- - ------- -- - ------- - ----------- - ---
2 FORMAT(2F8.1,F9.2,F9.1,2Fl0.3,F9.4) 
30 FORMAT ( 1Hl) . 









I 1 42. o 31. z • o4 1 
l 1+2.0 30.0 10.76 253.8 .048 1.642 .0792 
1 HJ---!g:~---1-t!! Ht! :-~:: t:;~t--:m~--




Membrane II-A (Basis Wt.=12.48 'gm/rt2) 
(~t) lm u hsf 
1 
' Km . Km 
~ J 18.0 27.3 .044 
j 18.0 29.3 8.08 87.6 .044 1.322 .0593 
t--~-~ :-g ~l:~ ---~:-~2------- ~~-:- ~ -- - - -:-z~;- - -----i ·:{~-J--:-g~~~-
1 18.0 29.3 7.59 79.9 .044 1.323 .0594 
! 4 3 5 • 0 2 1. 4 - - • 04 7 _____ ---- -- --~---- --- ---- -~- --- ,,, ~------35. ci ____ zs .-4-- --- f3~-19-~--siio-.-a---- ---- -- --- . o4u 7 .1s3 • 1044 
' 35.0 26.1 12.39 897.4 .048 1.999 .0972 
~--_35_. _0 __ _24_.5 __ ~l._6_8 _ _ 5_Q1l. _~-- - - -•04_7 _____ 2.._1.83 _ ___ . _lOA4_ 
I 3s.o 26.4 11.42 425.5 .o4s 2.oe4 .Iol4 
i 5 67.0 29.4 .051 
1------- _6_7..0 ____ ___ 28.0 __ __ 15_. _0_9. ______ -:::5_6_4_. 1__ __ ________ .052 -- -- 2.204 __ -- .1152 .. 






Membrane III•A (Basis Wt.=20.80 gm/ft2) 




~1 6 32.0 28.9 .046 32.0 ~0.1 9.12 154.2 .048 1.871 .0900 
~--~~-:r-~~ :~ ~ : -~-~---).~~-:~- -:g~~--i-:-~~-}---: ~-~-~~--
1 32.0 28.9 4.69 66~7 .oso 1.913 .0964 
l-- 7 . _36.0 30.4 _____ _ _ - --- ----- .051_ __ _ ..... ... ~ - ----·-- ···---~- - --- · i 36.0 30.4 9.86 192.0 .051 1.410 .0720 
i 36.0 30.4 10.33 222.3 .051 1.369 .0699 
i 8 48.0 28.4 - ____ _._Q_5_Q __ _ ~-~------~-- - -- · -· :----4a·-.-a·----2~i~8--17:78 · -2os.5 .o5o 1. 716 .oss9 
: 48.0 28.8 16.40 -280.1 .049 1.641 .0816 
: ..... __  -~f!.Q ___ __ ?~- ~ !L _ _ .. H3,_5] ___ _ -:-_l.l~.~-- _______ _ .J)~9 _____ _ l_._(>4Q ______ _ • 061' . 
I 
TABLE XII 





; 9 12.0 24.8 .043 
• Km 
12.0 24.8 4.46 39.3 .044 1.410 .0626 
____ .12 • Q__2'!_._z_ _ _._4 J_6_Q_ __ ,±-l_._o ____ .._o 't.4. ____ l._3_.6.6 __ __ ._Qo_o_;_ 
: 10 19.ti 27.3 .045 -
19.0 27.9 6.06 64.6 .045 1.674 
L_ _______ J 9. Q __ ______ 27 ·-~ -------- 6. ~_9 ___ ---- -~~--~---- - -----• 04 5 ______ 1_•604 
; 11 23.0 27.2 .048 
.0756 
.Q7_2_4 
. 23.0 26.7 5.13 65.7 .048 1.717 .0829 
:__· _z ~ _. Q _______ ?,_6_._I ___ .5 _ _!_P.J __ _ 7o .!:t ____ ._o4 g_ ___ 1~· 6.2_~:-___._.o.aJLL 
I 12 40 • 0 3 2 • 3 . • 04 7 
i 40.0 31.9 8.10 119.0 .047 1.772 .0839 




Membrane I-B (Basis Wt.=9.76 gm/rt2) 
Run 1 
No. W (At) lm u hsf ' Km 
13 12.0 22.9 .043 
~-----12 ._o _____  i2 .9__ 3 ._8._2 _ ___37_..L • o~3 ___ L •. ~z7 .JJo26 __ 
12.0 22.0 4.37 .41.1 .043 1.426 .0626 
12.0 22.0 4.48 41.6 .043 1.411 .0619 
.1.4 ____  2 3. 0 _____ -- 2 3_. _4 ------- ~ --- ----- __ ,_ ·- ~ --- ----- . 0~8 __ ____ __ _  ._- ... ----------~-- ---
23.0 ~3.9 .8.19 129.6 .048 1.829 .0880 
23.0 23.9 8.78 147.0 .048 1.768 .0851 
.1)_ ___ }}_.0 ______ _ ~5~ -~------ ~ .05_2 - -
. 33.0 25.7 10.54 286.8 .052 1.683 .0887 
33.0 25.7 11.09 358.9 . • 052 1.637_ .0863 
.16 ___ __ 43.0 . 29 _•? __ __ __ - -~ - - - -~--- --~- - ---· -·-· 046 ···------· .. . ·-·------·-.... . 
43.0 26.6 8.87 153.9 .047 2.069 .0983 
43.0 26.6 8.60 145.1 .047 2.100 .0998 
43.0 26.6 9.04 160.3 .047 2.048 ___ !.Q_9_7_l __ 








17 9.0 22.4 .041 
___ 9.0 __ 2_2.2 ____ 2_._5_1 2 .. L3 .04L ___ L.6_30 ______ .. 06_80_ 
18 20.0 28.5 .04'+ 
20.0 24.7 7.51 104.1 .044 2.123 . • 0951 
_ _____ __ 20. 0 ____ ____ 25. 9 __________ 6. 88 ____ _ 8 6.0 _ ·-- - ·-- . 045 --· _____  1. 816 _ __ • OB 29 __ 
20.0 26.2 7.07 86.7 .045 1.802 .0814 
20.0 27.4 7.57 92.9 .044 1.756 .0787 
19 3_]_ •. 0. 31. 2___ .__0_4_6 __ 
37.0 31.3 12.32 756.5 .047 1.850 .OA75 
37.0 32.4 11.50 385.0 .047 1.728 .0819 
-- --- __ 3 7. o_ _ ------ 31. 4 ______ 10. 59. ____ 24_1..4 ___________ • 046 -·-- --- .1. 834_ -- ---·· 0855 . 
37.0 32.4 10.84 281.2 .047 1.802 .0854 
20 68.0 29.3 .052 
___ 6 _ a, o __ za .• 1 ___9_. 9 9 2 b.2.. .... 1 •. O.S__L_ __ .2. .25_4 ___ • ..1.16 9_ 
68.0 28.9 9.46 224.5 .051 2.132 .1104 












2_ •.Q _ _ l.lt . _8 __ __ 1_._2_2_ _ ___22~ 2 • __ 0't.3.L. __ l._'t_.1L __ ._0_620 __ 
9.0 18.8 1.63 24.0 .043 1.357 .0596 
22 20.0 23.9 .048 
________ _ 20. 0 __ _ _ 2 2 .6 _______ _ 5 _.at ________ ]B. 0 ______ • 04 A ________ _ l. 843 ____ ____ • 08 8 9 __ 
20.0 23.2 5.56 72.4 .048 1~714 .0832 
23 32.0 27.0 .049 
__ 32_.{) __ (.}_._1_t_ _ __ Jj_J51_ 14.9_._8 04_9.__---"'--'1.]!t-J.l _ _ce_0861 __ 
32.0 27.4 9.82 194.9 .049 1.639 .0810 
32.0 27.4 9.82 194.9 .049 1.639 .0810 
--24 ' . 49_. _0 ___ _ --- 27.8 -- - --~ --- - - - --- ---:~--- -- - ______ ._050 __ --- · - ---~------ ----- ---- -~---
49.0 28.7 11.30 413.1 .051 





TABLE XVI · 
? Membrane IV-B (Basis Wt.~J1.20 gm/ft~) 
Run 1 
' No. w (At) lm u hsf Km 
25 10.0 21.6 .042 -
___ lQ.,0 _ _ 2._L.Jt 2.~0 . 25.._9 _____ _._042. ____ ___ L.581.. __ _ __ .._06.66 __ 
10.0 22.3 2.01 24.6 ~042 1.489 .0630 
26 19.0 27.3 .045 
_ ________ .19 • Q ___ _ _ 2 7_. 9_ _ _______ 6 • 06 ___ ______ 64_. 6 ____ _____ • 0Lr 5 _____ __ 1..6 74 ________ • 0 75 6 . 
19.0 27.9 6.59 69.8 .045 1.604 .0724 
27 29.0 27.7 .048 
_ _ ___2_9__._Q __ _z_a_.!t __ ____J__.J..1 __ l_Qo_~ ____ ._o~_a_ _. _6..3 _  9. _ __ ._o_7 96 _  
29.0 28.1 7.59 95.4 .Q48 1.622 .0787 
28 40.0 32. 3 • 04 7 
_______ ___ 4o ._o _____ 3 I_._ 9 _____ a_._l o _ __ U _9_. o _ _______ . _0_41 _______ L. 172 ______ __ • o a 3~9 . _ 
40.0 32.8 8.31 120.6 .047 1.693 .0799 . 
i 
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Enthalpies based on T0 ,liquid: 
Hl = w c-p (Tl - To) 
qJ H2 = (W-M) (T2 To) q4 
-a5 with M Hs = M Hvs 
Also Hl = ~J + q4 + H5 + H2 
qJ = W Cp (T1 - To) - (W - M) Cp (T2 - T0 )-M Hvs • q 4 
qJ = W Cp(T1-T2 )-M[Hvs-Cp (T2- T0 )]- q4 
qJ = W Cp(T1-T2 )- M Hv8 + M Cp [<T2-T1 )+(T1-To)] -q4 
= W Cp(T1-T2 )- M Cp(T1-T2 )- M Hvs + M Cp(T1-T0 )-q4 
But Cp(T1 -T0 ) = H1s 
qJ = (W-M) Cp(T1 -T2 ) - M(Hvs-Hls) - q4 
Let qT = (W-M) Cp(Ti -T2 ) 
= heat lost by liquid leaving at 2. 
= enthalpy carried with vapor relative to 
entering enthalpy. 
q 4 = heat lost to a tmospher e 
Nomenclature 
A = area of the membrane utilised for heat and mass 
transfer, ft2 
CP = heat capacity of salt solution or water, Btu/lb °F 
Dv = diffusivity, ft2/hr 
H1s = enthalpy of liquid water at inlet solution 
temperature, Btu/lb 
Hvs = enthalpy of water vapor at average salt solution 
temperature, Btu/lb 
hsf = salt solution film heat transfer coefficient, 
Btu/hr ft2 °F 
hwf = distilled water film heat transfer coefficient, 
Btu/hr ft2 °F 
he = coefficient of heat conduction for membrane, 
Btu/hr ft2 °F 
Km = overall mass transfer coefficient in absence of 
non-condensable gases, lbs/hr ft2 inch of Hg 
• Km = overall mass transfer coefficient in presence of 
non-condensable gases, lbs/hr ft2 (mole ratio) 
k = thermal conductivity, Btu/hr ft2 (°F/ft) 
km = individual mass transfer coe f ficient for 
membrane, lbs/hr ft2 inch of Hg 
ks = mass transfer coefficient on solution or mixture 
side, Ibs/hr ft2 inch of Hg 
ksf = salt solution film mass transfer coefficient, 
lbs/hr ft2 inch of Hg 
75 
M =rate o£ waterc transtered from salt solution side 
to distilled water or coolant water side through 
the pores in the membrane, gm/min. 
76 
PA = partial pressure of transfering component in 
diffusion through stagnant film(water in this study), 
inches of Hg 
pB = partial pressure of stagnant component in diffusion 
through stagnant film (air in this study) 
Pw = vapor pressure or partial pressure of water, inches Hs. 
P = total pressure 
qc a rate of heat transfer per square foot by conduction, 
Btu/hr ft2 
qM = rate of heat transfer per square foot by latent heat 
transfer with water vapor, Btu/hr ft2 
T 
w 
a qc + qM , rate of total heat transfer per square 
foot from salt solunion 
0 
= temperature, F 
= salt solution or coolant water flow rate, cc/mino 
Subscript 
is = salt solution inlet 
os = salt solution outlet 
iw = distilled water inlet 
ow = distilled water outlet 
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